Abstract: Pancreatic cancer is one of the most lethal cancers, where curative surgical resections are rare and less than 5% of patients experience long-term survival. Despite numerous clinical trials, improvements in the systemic treatment of this disease have been limited. Gemcitabine, a nucleoside analogue, is still considered the standard of care chemotherapy for most patients in the advanced disease setting. To exert its cytotoxic effects, gemcitabine must enter cells via nucleoside transporters, most notably human equilibrative nucleoside transporter 1 (hENT1). Increasingly strong evidence suggests hENT1 is a prognostic biomarker in gemcitabine-treated pancreatic cancer, and may well be a predictive biomarker of gemcitabine efficacy. In this review, we synthesize the literature surrounding hENT1 in pancreatic cancer, identify the key outstanding questions, and suggest strategies to prospectively evaluate the clinical utility of hENT1 in future clinical studies.
Introduction
Pancreatic cancer is estimated to be the tenth most commonly diagnosed cancer and fourth leading cause of cancer related death in 2010 [1] . At diagnosis, approximately 80% of patients have locally advanced, unresectable, or metastatic disease [2] . For those patients with cancers amenable to curative resection, only 5% are long-term survivors [2] . Pancreatic cancer clinical trials have had few successes over the last decade. Gemcitabine remains the standard of care for the first-line treatment of incurable disease for most patients based on the pivotal paper from 1997 demonstrating a 23.8% clinical benefit and modest improvement in overall survival (OS) of 1.24 months over 5-fluorouracil (5FU) [3] . More recent data has indicated oxaliplatin based regimens have a role in both the first-and second-line setting of advanced disease though final publication of these trials are pending. When compared to gemcitabine, the combination of oxaliplatin, irinotecan, and 5FU prolongs progression free survival (PFS) and OS from 3.3 to 6.4 months and 6.8 to 11.1 months, respectively, in treatment naïve patients [4] . Additionally, the CONKO-003 study reported oxaliplatin administered with 24 hours of infusional 5FU had an improvement in PFS and at least a two month OS benefit in gemcitabine refractory pancreatic cancer [5] . Other cytotoxic agents have proven largely ineffective, although many expect gemcitabine with abraxane (nab-paclitaxel) to outperform gemcitabine in a pivotal randomized study currently still accruing patients (NCT00844649).
Unlike advanced colorectal and hepatocellular malignancies, biologic agents have not had success in the treatment of advanced pancreatic cancer. Though the addition of erlotinib to gemcitabine is the only targeted agent to demonstrate statistical significance in a first-line phase III randomized setting, the 0.33 month advantage in median OS and 6% benefit in one-year survival is not generally accepted to be clinically relevant; it is nonetheless an approved agent for use in advanced disease [6] . Other directed therapies, including cetuximab, bevacizumab, sunitinib, sorafenib, the mammalian target of rapamycin pathway inhibitor everolimus, and two matrix metalloproteinase inhibitors, have shown no survival advantage in this setting [7] [8] [9] [10] [11] [12] [13] . Furthermore, combined inhibition of the epidermal growth factor and vascular endothelial growth factor pathways is not efficacious [14, 15] .
With these negative trial results, gemcitabine remains the reference agent in most clinical trials in advanced pancreatic cancer. Due to the singular importance of this drug in pancreas cancer, significant efforts have gone into finding ways to improve its therapeutic ratio (the relationship between efficacy and toxicity). While pharmacokinetic studies have not changed the current paradigm of "same dose, same schedule, same drug" for everyone, tumor biomarkers are beginning to show promise in the selection of individuals for gemcitabine therapy [16, 17] . Among the biomarkers of potential clinical utility, the most promising data is emerging from studies of the human equilibrative nucleoside transporter 1 (hENT1). Below, we review the biology of hENT1, and its relationship to gemcitabine efficacy in the context of treatment of pancreatic adenocarcinoma. Finally, we explore the remaining questions and study designs required to fully validate hENT1 as a predictive marker, capable of wide-scale use to individualize therapy decisions for patients with pancreatic cancer.
Gemcitabine Transport and Metabolism
Gemcitabine (2',2'-difluorodeoxycytidine) is a pyrimidine nucleoside analogue. It exerts its cytotoxic effect intracellularly and has activity against a number of different solid tumors, including pancreatic, breast, lung, and bladder cancers [18] . As gemcitabine is strongly hydrophilic, passive diffusion through the hydrophobic cellular plasma membrane lipid bilayer is slow. In order to efficiently enter cells, gemcitabine requires physiologic nucleoside transporter proteins to cross the plasma membrane [19] . These transporter proteins fall into two categories, equilibrative transporters and concentrative transporters ( Figure 1 ) [19] . The bi-directional human equilibrative nucleoside transporters (hENT) are found in most cell types, and both hENT1 and hENT2 are capable of mediating gemcitabine uptake in the direction of the concentration gradient [20] . The hENT proteins are transmembrane glycoproteins that localize to the plasma membrane. They are functionally distinguished by their ability to be inhibited by nitrobenzylmercaptopurine ribonucleoside (NBMPR), with hENT1 sensitivity in the nanomolar range compared to the relative resistance to NBMPR inhibition exhibited by hENT2. Two identified concentrative nucleoside/sodium co-transporters in humans, human concentrative nucleoside transporter 1 (hCNT1), and hCNT3, are able to bring gemcitabine into a cell, and by virtue of the energy supplied by the physiological sodium-gradient, can do so against the concentration gradient of the substrate [20] . While hCNT3 has the broadest tissue expression, it is also the least selective of the concentrative transporters, accepting both pyrimidine and purine nucleosides, in contrast to hCNT1 and hCNT2 which accept pyrimidine and purine nucleosides, respectively, more favorably [20] [21] [22] . 
Gemcitabine transport
Gemcitabine cellular uptake is primarily mediated by hENT1, which can be identified at varying levels in all human tissues. While the other transporters (hENT2, hCNT1, and hCNT3) mediate gemcitabine uptake in laboratory conditions [21] [22] [23] [24] [25] , their contributions to total cellular gemcitabine uptake remain relatively minor, and can only be readily detected when NBMPR is used to inhibit hENT1 activity. Furthermore, in vitro data demonstrate cytotoxic nucleoside resistance with hENT1 deficiency [24, [26] [27] [28] [29] . Given the short infusion times of gemcitabine (30 minutes) and the short serum half-life of gemcitabine, due to its rapid metabolism and excretion as non-toxic metabolites, it follows that cells with low hENT1 protein abundance might be clinically resistant to gemcitabine.
Once within the cell, nucleotide kinases phosphorylate gemcitabine to gemcitabine monophophate and then sequentially to its active metabolites, gemcitabine diphosphate and gemcitabine triphosphate. The first phosphorylation step by deoxycytidine kinase is the rate limiting step (Figure 2 ). Once in triphosphate form, gemcitabine is incorporated into cellular DNA and protected from repair by base pair excision with the addition of another natural nucleotide [30, 31] . Gemcitabine is self-potentiating and in addition to its masked chain termination of DNA, gemcitabine has other mechanisms of cancer control which include induction of apoptosis by gemcitabine monophosphate, blocking de novo DNA synthesis by gemcitabine diphosphate, and lowering the pool of opposing deoxycytidine triphosphate by gemcitabine triphosphate [30, 32, 33] . 
Evidence for the Use of hENT1 as a Biomarker in Pancreatic Cancer
The first study exploring relationships between hENT1 and gemcitabine efficacy was published in 2004 [34] . We studied the relative abundance of the hENT1 protein, as measured by immunohistochemistry of pancreatic adenocarcinoma biopsies, in a population of patients who received palliative gemcitabine chemotherapy for advanced disease. We described a significant median survival difference (13 months versus four months; p = 0.01) when those patients with uniformly detectable hENT1 immunohistochemical (IHC) staining were compared to those who had 10-100% of malignant cells without staining (Figure 3 ). Although this study was limited by its retrospective evaluation and relatively small number of patients, it set the stage for pre-clinical studies evaluating hENT1 deficiency as a gemcitabine resistance mechanism, and clinical evaluation of hENT1 as a potential predictive biomarker for individualization of gemcitabine therapy. Pre-clinically, with evaluation of both pancreatic and biliary tract carcinomas, hENT1 is strongly related to gemcitabine chemosensitivity, transport and intracellular gemcitabine accumulation [35, 36] . Pancreatic (MIAPaCa2, AsPC1, and BxPC3), gall bladder (OCUG-1), and cholangiocarcinoma (HuCCT1) cell lines treated with gemcitabine were evaluated for mRNA hENT1 levels by quantitative reverse transcription polymerase chain reaction (RT-PCR). hENT1 mRNA levels correlated with the ability of gemcitabine to inhibit growth of these cell lines as determined by inhibitory concentration 50 (IC 50 ) levels, indicating higher levels of hENT1 within cell lines is directly associated with chemosensitivity [35] .
When evaluated as a prognostic factor for overall survival, disease-free survival, and time to disease progression, pancreatic cancer hENT1 RNA expression correlated with clinical outcomes [37] .
Transcriptional analysis of hENT1 by RT-PCR in 102 laser micro-dissected pancreatic cancer specimens demonstrated a three-fold improvement in median overall survival, from 8.5 to 25.7 months, in tumors with higher versus lower levels of hENT1 expression [37] . Using immunohistochemistry techniques, hENT1 expression has also been evaluated and correlated with survival in 45 patients with curative intent resection of their pancreatic adenocarcinomas who went on to have post-operative adjuvant chemoradiation [38] . Those patients with high compared to low hENT1 expression had significantly longer OS (not yet reached versus 13.3 months (p = 0.0001)) and three-year survival of 68.4% versus 19.2% (p = 0.0007). Similarly, in the hENT1 high expression group, disease-free survival (DFS) was 46.8 versus 8.4 months (p = 0.0001) in favor of the high hENT1 expression group [38] .
The RTOG 9704 study was a randomized phase III study comparing 5-fluorouracil (5FU) with gemcitabine in addition to chemoradiation as adjuvant therapy in resected pancreatic adenocarcinoma [39] . Results from this 451 patient study demonstrated the addition of gemcitabine to adjuvant 5FU-based chemoradiation was associated with a trend in benefit in OS. A retrospective translational research study evaluated tumors from 229 of the patients treated on the RTOG 9704 protocol and tested tissue microarray slides for hENT1 protein abundance [40] . hENT1 protein detection in tumor tissue was independently associated with improved DFS and OS compared to those samples without hENT1 expression; this effect was seen only in the gemcitabine-treated group, and not the 5FU-treated group. This qualitative difference suggests that hENT1 assessment is not only prognostic in a gemcitabine treated population, but has utility as a predictive biomarker for gemcitabine efficacy.
Pharmacogenomic studies of hENT1 have not clearly defined the relevance of the inter-individual sequence variation in the gene encoding the hENT1 protein (called SLC29A1). Although single nucleotide polymorphisms (SNPs) in hENT1 have been identified, none have demonstrated functional consequences in rate of drug uptake or transport [41] [42] [43] . However, a recent study of 154 patients treated with neoadjuvant gemcitabine suggested that a combined assessment of six SNPs, including the hENT1 T-549C allele and hENT1 C913T allele, did relate to overall survival [44] . While multiple alternatively spliced variants encoding hENT1 have been identified, they have not been shown to have clinical relevance.
Conclusions and Recommendations
Treatment options available to pancreatic cancer patients remain limited, and few meaningful improvements have been made in the treatment of this disease over the last 30 years. Novel biologic agents have failed categorically-the suite of negative pancreatic cancer trials evaluating cytotoxic and biologic agents, either alone or in combinations, leaves gemcitabine monotherapy as the current standard of care for all but the very best of performance status patients. A thoughtful editorial recently published in the Journal of Clinical Oncology has outlined the trials and tribulations of pancreatic cancer research and has suggested modifications to improve clinical trial design and outcomes including: consideration of randomized phase II designs, better patient selection and stratification, questioning gemcitabine as the backbone treatment, better and quicker access to completed trial results, and the identification of surrogate endpoints similar to three year DFS in metastatic colon cancer [45] .
Unlike breast cancer, where the presence or absence of the estrogen receptor routinely guides endocrine treatment decisions, a similarly validated biomarker is not yet available for pancreatic cancer treatment decisions. Among pancreas cancer candidate biomarkers, though others are being investigated and have some potential value, hENT1 evaluation has the strongest pre-clinical mechanistic support, and the strongest clinical dataset to suggest a meaningful role as a predictive marker with which to guide treatment decisions [44, 46] . However, several questions remain, including i) what is the best target to measure, hENT1 RNA expression or protein abundance; ii) what is the optimal cutpoint to dichotomize populations as gemcitabine sensitive or gemcitabine resistant; iii) how important are preanalytic variables (time to tissue fixation, type of fixation, long-term stability of the epitope) in the performance of the IHC assay; iv) will a robust, quality controlled and regulatory approved standardized assay be available; v) is the hENT1 status of primary tumor concordant with metastases from the same individual; and vi) can hENT1 immunocytochemistry, performed on needle aspirates, provide useful predictive data. Furthermore, confirmation of the predictive ability of hENT1 to distinguish gemcitabine sensitive from gemcitabine insensitive disease will require validation in another large study in which patients are randomized to receive gemcitabine, or not. While additional retrospective analyses of completed studies are underway, the experiment to unequivocally validate such a predictive marker requires a prospective design in which pretreatment hENT1 status is used to stratify patients prior to randomization to gemcitabine based treatment, or to non-gemcitabine based treatment. Such a study would provide the highest level of confidence in this approach, and would, if positive, vault gemcitabine into the select few anticancer agents for which a truly sensitive population can be rationally treated. By this "molecular triage", the risk:benefit ratio of gemcitabine therapy for pancreatic cancer could be meaningfully improved.
